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Biophysics, University of Iowa, Iowa City, IowaABSTRACT Voltage-gated sodium channels (NaVs) underlie the upstroke of the action potential in the excitable tissues of
nerve and muscle. After opening, NaVs rapidly undergo inactivation, a crucial process through which sodium conductance is
negatively regulated. Disruption of inactivation by inherited mutations is an established cause of lethal cardiac arrhythmia,
epilepsy, or painful syndromes. Intracellular calcium ions (Ca2þ) modulate sodium channel inactivation, and multiple players
have been suggested in this process, including the cytoplasmic NaV C-terminal region including two EF-hands and an IQ motif,
the NaV domain III-IV linker, and calmodulin. Calmodulin can bind to the IQ domain in both Ca
2þ-bound and Ca2þ-free condi-
tions, but only to the DIII-IV linker in a Ca2þ-loaded state. The mechanism of Ca2þ regulation, and its composite effect(s) on
channel gating, has been shrouded in much controversy owing to numerous apparent experimental inconsistencies. Herein,
we attempt to summarize these disparate data and propose a novel, to our knowledge, physiological mechanism whereby
calcium ions promote sodium current facilitation due to Ca2þ memory at high-action-potential frequencies where Ca2þ levels
may accumulate. The available data suggest that this phenomenon may be disrupted in diseases where cytoplasmic calcium
ion levels are chronically high and where targeted phosphorylation may decouple the Ca2þ regulatory machinery. Many NaV
disease mutations associated with electrical dysfunction are located in the Ca2þ-sensing machinery and misregulation of
Ca2þ-dependent channel modulation is likely to contribute to disease phenotypes.SODIUM CHANNEL ARCHITECTURE
AND INACTIVATIONNaVs are large ~250-kDa membrane proteins comprised of
four homologous domains (DI, DII, DIII, and DIV), each
housing six a-helical transmembrane segments that form
the voltage-sensing (Fig. 1 A: S1–S4, shown in gray and
red) and the pore-forming (S5–S6, in blue) modules. The
conductance of sodium ions through these channels is
exquisitely sensitive to changes in voltage, where, upon
opening, they allow the rapid inward flow of Naþ ions which
act to depolarize the cellular membrane. In mammals,
at least nine different NaV isoforms have been isolated
(NaV1.1–1.9). Within milliseconds of channel opening, the
influx of Naþ is reduced through a process known as ‘‘inac-
tivation’’ (Fig. 1 B). This process is distinct from the normal
‘‘closing’’, and presents a way for the channel to minimize
and regulate the depolarizing signal. Channels recover
rapidly from inactivation under normal conditions within
milliseconds, thus allowing for Naþ influx during the next
action potential. The inherent speed and efficiency of this
opening/inactivating cycle is imperative for the electrical
stability of the cell because small perturbations to the equi-Submitted August 27, 2012, and accepted for publication October 18, 2012.
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can have devastating effects on electrical function.
Interestingly, NaVs can also inactivate directly from the
closed conformation, as visible in the steady-state inactiva-
tion (SSI) curve (Fig. 1 C). The amount of SSI effectively
controls the number of channels that are available for
opening, and is directly dependent on the membrane voltage
(1). In basal conditions near the resting membrane potential
of excitable cells (~90 mV), a considerable fraction of
sodium channels are closed but ready to open upon depolar-
ization, and the other half are inactivated and therefore
unavailable to contribute to action potential firing. If the
SSI curve is shifted only 10 mV to the right (a depolarizing
shift), the number of available channels almost doubles.
Thus, seemingly small changes in the steady-state inactiva-
tion properties can have significant effects on channel avail-
ability, and therefore on the rhythm and stability of the
action potential.
The precise mechanism of NaV inactivation is not known,
but one possibility is that inactivation proceeds through
a hinged-lid mechanism (2) whereby the ~50 amino-acid
cytoplasmic linker between domains III and IV (DIII-IV)
acts as the lid to rapidly occlude the permeation pathway
(3). This scheme, albeit overly simplified, is likely accom-
panied by complementary motions within the pore region.
In addition to the DIII-IV linker and its putative binding
sites in the S4–S5 linker of domains III (4) and IV (5),
the inactivation complex includes the C-terminus of the
channel (6,7).http://dx.doi.org/10.1016/j.bpj.2012.10.020
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FIGURE 1 Sodium channel architecture, gating, and modulation by
calcium. (A) Cartoon of a simplified sodium channel highlighting the
four homologous domains (DI–DIV), with six transmembrane segments
each (S1–S6). Voltage-sensing domain (gray, S1–S3 and red, S4); pore-
forming domain (blue, S5–S6). Cytoplasmic regions implicated in Ca2þ
modulation are indicated with inherited mutations (Asterisks). (B) Repre-
sentative example of a rapid inward sodium current under patch-clamp
conditions in response to a 15-ms depolarizing pulse from 100 mV to
20 mV, with the fast activation and inactivation indicated (arrow). (C)
Steady-state inactivation curve for NaV1.5 in the presence and absence of
10 mM free Ca2þ in the patch pipette. The data were generated with the
protocol shown (inset) where a cell under voltage-clamp is held at
120 mV, stepped to a variable prepulse for 500 ms (to reach a new
steady-state equilibrium) before a test pulse to 20 mV is employed to
assay how many are available to open.
2244 Van Petegem et al.FUNCTIONAL EFFECT OF Ca2D ON SODIUM
CHANNEL GATING
The consensus of published data supports the observation that
increased local cytoplasmic Ca2þ levels into the low micro-
molar range results in a ~10-mV depolarizing shift in the
steady-state availability relationship for NaV1.5 (6,8–12)
(Fig. 1C). Because the restingmembrane potential ismidway
along the falling phase of this relationship, seemingly minor
shifts in the equilibrium value can substantially increase the
amount of available channels to open for the next action
potential. However, a variety of effects mediated by cyto-
plasmic calcium has been reported, including effects on inac-
tivation rate (6) and slow inactivation (12,13). There also
seem to be isoform-specific differences, where shifts in the
steady-state availability curve can also be observed upon
coexpressing calmodulin or addition of short peptides, but
there is no consensus on these effects (13). How is it possible
that so many groups have reported conflicting results?
In addition to variable effects of EGTA and BAPTA, one
potential culprit is the composition of the patch pipette
solutions where CsF (typically >100 mM) is often used
to produce very stable whole-cell patch-clamp recording
conditions. However, fluoride avidly binds Ca2þ (Ksp ~
3.45  1011) (http://pubchem.ncbi.nlm.nih.gov), thusBiophysical Journal 103(11) 2243–2251effectively decreasing the free Ca2þ concentrations, espe-
cially in low buffering—suggesting that Ca2þ ion regulation
measured under such conditions occurs at lower levels of
free [Ca2þ]. Although Descheˆnes et al. (14) have reported
no difference in modulation between CsF for CsCl, this
outcome could differ among isoforms, and the precise
amount of CsF used. Moreover, the regions known to
support CaM binding and Ca2þ regulation, namely the
DIII-IV linker and the IQ motif, are also home to phosphor-
ylation sites (15,16), providing an intriguing form of addi-
tional regulation, but yet another confounding variable in
the laboratory setting. Lastly, sodium channels expressed
in different mammalian cell systems have yielded divergent
results in terms of Ca2þ regulation (17).
Ca2þ regulation of sodium channels could act through
a combination of mechanisms, including the direct interac-
tion of ions with EF-hand motifs in the C-terminus of
the channel, in addition to calmodulin-mediated effects.
Calmodulin (CaM) is a ~17-kDa protein that is able to
bind four Ca2þ ions through EF-hand motifs and the avail-
able data support a clear role for CaM in the Ca2þ-depen-
dent modulation of sodium channel inactivation; however,
considerable experimental variability exists. Coexpression
of CaM has been shown to produce a Ca2þ dependent
hyperpolarizing shift in the steady-state availability of
skeletal muscle NaV 1.4, but not of cardiac NaV 1.5 (14).
Chimeric ligation of CaM to the C-terminus of NaV1.4
suggests that a single CaM is sufficient to shift the
steady-state inactivation curve (18). The addition of
a CaM inhibitory peptide via the patch pipette does not
affect the Ca2þ-dependent shift in steady-state inactivation
(10), leading some investigators to conclude that CaM is
not essential to Ca2þ regulation. However, it is not known
how effectively the inhibitory peptide competes with intact
channels for binding to CaM, complicating the extrapola-
tion of such results.CALMODULIN AND THE IQ DOMAIN
Isoleucine-glutamine (IQ) domains are well-described
motifs that were first reported for myosins as an interaction
motif for CaM-like essential light chains (19) and neuromo-
dulin (20). It is now clear that these motifs can form binding
sites for CaM or CaM-like proteins, with Ca2þ dependen-
cies and affinities differing in individual cases (21), and
with a generalized IQ motif consisting of [I,L,V]QXXXR
XXXX[R,K]. The C-terminal domain (CTD) of all NaV iso-
forms encodes an IQ-like domain, first identified in the
NaV1.1–1.3 isoforms (22) (Fig. 2), and in some isoforms
differs from the canonical IQ motif because it contains an
extra fifth residue between the two positively charged resi-
dues of the consensus sequence. IQ motifs also occur in
many other ion channels, including the closely related
voltage-gated calcium channel, where several Ca2þ/CaM-
IQ structures have been described in the literature (23–29).
AB
FIGURE 2 Conservation of calcium regulatory domains and the location of disease mutations. The DIII-DIV linker (A) and proximal CTD (B) sequences
of NaV1.1–1.9 are aligned against NaV1.5. (Top) Human NaV1.5 numbering. (Right-hand side, down) Respective NaV1.1–1.9 numbering. From published
NMR and crystal structures, the available secondary structure elements are shown above the sequences: (arrows) b-strands; (coils) a-helices. Sites for disease
mutations are highlighted: LQT3 (black), BrS (red), or both (brown). The R1902Cmutation in NaV1.2 is causative of GEFSþ (blue). The IQ consensus motif
is indicated (black box) for NaV1.5.
NaV Domain Coupling by Ca
2þ/CaM 2245Early studies identified that mutants of CaM in Parame-
cium tetraurelia could impact voltage gated sodium currents
in a lobe dependent manner (30,31). Numerous studies have
since reported that CaM interacts with the NaV IQ domain
(6,8,12–14,18,32–34). Using intrinsic tyrosine fluorescence
of CaM, the IQ motif peptide of NaV1.5 was shown to bind
apoCaM with ~160 nM Kd, and Ca
2þ/CaM with ~2 mM Kd
(35) with similar values obtained using isothermal titration
calorimetry (8), suggesting that the NaV IQ domain is
primarily an apoCaM binding site. The interaction has
been confirmed via FRET (12,18) yet co-immunoprecipita-tion experiments using GST fusion proteins of the CTD of
some isoforms have failed to report an interaction with
CaM (13). However, the folding and aggregation behavior
for these constructs have not been sufficiently established.
NMR structures have been solved for apoC-lobe bound
to the IQ domain of NaV1.2 (36) and for apoCaM bound
to the NaV1.5 IQ domain (37) suggesting that the apoC-
lobe is the primary binding partner for the IQ domain
(NaV1.5 residues 1901–1916), with major hydrophobic
contacts made by residues I1908 and F1912. Some
studies have shown that mutation of NaV1.5 residuesBiophysical Journal 103(11) 2243–2251
FIGURE 3 Structure of the human NaV1.5 C-terminal domain. Crystal
structure of CaM bound to the NaV1.5 CTD (PDB:4DCK). Mg2þ-Calmod-
ulin (dark green N-terminus, blue C-terminus) and fibroblast growth
factor 13 (FGF13) (orange) are shown as part of a ternary complex from
PDB:4DCK. (Yellow spheres) Magnesium ions. Mutations that cause
LQT3 (black), BrS (red), or both (brown), are labelled. (f/s) Mutations
that cause frame shifts. (X) Nonsense mutations. (Prefix i) Insertions. The
NaV1.5 EF-hand domain, determined separately by NMR (PDB:2KBI),
is highlighted (dark gray). It is clear that the portion C-terminal to this
region forms interactions with the EF-hand domain. (Transparent green
spheres) Calcium ions in the EF-hands, showing where they would bind
based on structural superposition with Ca2þ-calmodulin. For clarity, only
the side chains of the IQ domain as well as missense mutation sites are
shown.
2246 Van Petegem et al.I1908A/Q1909A (IQ/AA), as well as the analogous muta-
tions in NaV1.2 and NaV1.4, disrupt IQ domain-CaM inter-
actions (13,18,32). However, more quantitative biochemical
approaches have shown that the IQ/AA mutation only
weakly affects binding, with only a twofold lower affinity
for both apoCaM and Ca2þ/CaM (35). In addition, the IQ/
AA mutation alone causes a hyperpolarizing shift in the
steady-state availability curve, and abolishes the calcium-
dependent shift (35), in addition to an increase in sustained,
noninactivating current (32). The IQ/AA mutation can also
reduce current amplitudes (13), which is apparently the
result of impaired channel trafficking (18).
Outright deletion of the IQ domain (stop-codon at amino
acid (aa) 1885 in NaV1.5) also reduces current amplitude,
produces a 11 mV shift in steady-state availability (38)
and increases the amount of noninactivating current (39)
Interestingly, the IQ deletion mutant has been reported to
retain a Ca2þ-dependent shift in steady-state inactivation,
suggesting that other players participate in the regulation
(12). However, overexpression of CaM or CaM1234 (a
mutant that is no longer able to bind Ca2þ in a physiological
range), in the absence of Ca2þ, can result in a depolarizing
shift of the steady-state inactivation curve, and the deletion
of the IQ domain abolishes this effect. This somewhat
surprising set of results has been explained by a model
whereby apoCaM/IQ domain association affects inactiva-
tion, independent of Ca2þ, and that the Ca2þ-dependence
of inactivation does not require this interaction.
Thus, as with the variable macroscopic effects of Ca2þ/
CaM on channel gating, the effects observed by different
laboratories seem in direct conflict, with some suggesting
the IQ motif is essential, whereas others concluding that
it is peripheral. One potential explanation is that the IQ
domain simply serves as a sink for a resident CaMmolecule,
where it serves to enrich CaM in the vicinity of the channel
but is not directly involved in the mechanism of Ca2þ-
dependent regulation. In this scenario, removing the sink
can be overcome by overexpression of CaM, and thus
different expression levels in the individual experiments,
as well as different inherent affinities of NaV isoforms for
CaM, could result in functional discrepancies.EF-HANDS
The function and role of the CTD proximal EF-hand domain
has also been the subject of controversy. These two EF-hand
motifs, initially thought to be formed by NaV1.5 residues
1773–1852 (10), are actually encoded by NaV1.5 residues
1788–1862 as shown by NMR (40) (Fig. 3). A similar struc-
ture has been reported simultaneously and independently
for the NaV1.2 EF-hand domain (41) which extends further
toward the C-terminus (NaV 1.2 residues 1777–1882
equivalent to NaV1.5 residues 1773–1878), and includes
a partially ordered fifth helix. The EF-hand domain is linked
to the last transmembrane segment (IVS6; domain IV S6Biophysical Journal 103(11) 2243–2251segment) through a 13–15 aa flexible linker. As EF-hands
typically form Ca2þ-binding motifs, it is possible that the
Ca2þ-dependent effects on NaV inactivation are due, in
part, by direct Ca2þ ion binding to the EF-hands, absent
of a CaM contribution.
However, based on the NMR structure, the EF-hands are
predicted to bind, at most, one Ca2þ ion, as the second EF-
hand lacks prerequisite acidic residues for Ca2þ ion coordi-
nation, thus it is has not been determined if the sodium
channel EF-hands are functional or vestigial. However,
using either 2 mM BAPTA to simulate Ca2þ-free condi-
tions, or 20 mM CaCl2, Shah et al. (35) showed distinct
differences in 15N- 1H HSQC NMR spectra for a construct
spanning Nav1.5 (1773–1865), and titrations yielded a
Kd ~ 7.5 mM, suggesting that Ca
2þ ions are capable of
binding the EF-hands. Such a high Kd value would be
NaV Domain Coupling by Ca
2þ/CaM 2247physiologically irrelevant, but larger constructs (1773–
1920) yield a Kd between 1 and 6 mM, suggesting the affinity
is strongly affected by the C-terminal region including the
IQ domain binding to the EF-hands (10,35). Mg2þ was
not found to have an effect. In contrast, Kim et al. (32)
initially failed to detect any changes in Trp fluorescence
of the EF-hands at varying Ca2þ concentrations, but then
using 1H,15N chemical shifts during Ca2þ titrations of the
NaV1.2 and NaV1.5 EF-hands, they also found low affinities
for Ca2þ (Kd values between 1.6 and 3.3 mM) (41) However,
the largest chemical shifts were found outside of the
canonical EF-hand loop motifs, suggesting that Ca2þ binds
weakly near the N-terminus of helix I, the linker between
helices II and III, the C-terminus of helix IV, and the
partially structured helix V.
In terms of functionality of expressed channels, a
quadruple knock-out of Ca2þ binding to the EF-hands
(E1788A, D1790A, D1792A, E1799A) effectively removes
the Ca2þ-dependent shift in steady-state availability (10,12).
Of note, the locations of these mutations were based on an
early model of the EF-hands, and subsequent identification
in the NMR structure shows, surprisingly, that none of these
sites could be involved in coordinating Ca2þ. It is therefore
puzzling that these mutations abolish Ca2þ binding, espe-
cially when both CD and NMR did not detect any structural
changes (10). Further, the NaV1.5 double-mutant D1802A/
E1804A, which should knock out Ca2þ binding to the
EF-hands based upon the NMR structure, disrupted Ca2þ-
dependent shifts in the steady-state availability curve.
An additional level of complexity in Ca2þ regulation
emerges from several reports that the EF-hands and the IQ
domain can physically interact. NMR experiments indicate
binding of NaV1.5 residues 1897–1925 to an EF-hand
construct (residues 1773–1865), thus helping to explain
the difference in Ca2þ affinity between isolated EF-hands
and longer constructs (35). Consistent with this, mutation
of IQ/AA, which disrupts the EF-IQ interaction, lowers
the affinity (Kd ~ 4 mM). Isothermal titration calorimetry
(ITC) experiments between the EF-hands and IQ domain
suggest a Kd ~ 27–38 mM, and using NMR, the IQ domain
was mapped to bind between helices I and IVof the EF-hand
domain (40) However, these experiments were performed
on EF-hands as a distinct polypeptide from the IQ motif,
and it is not clear whether the same interactions also occur
in a physiological setting where both domains are within
the same polypeptide.
Transition-metal FRET studies have been used to measure
distances at three positions to a Trp residue within the
EF-hand region, and these were used as restraints to build
a model of the IQ domain bound to the EF-hands (42)
Thus, one step of the mechanism is that Ca2þ/CaM could
displace the EF-hands from the IQ domain, but as Ca2þ/
CaM-IQ binding is not affected by the presence of the
EF-hands (8), they could have the simple role of properly
positioning the IQ domain relative to the rest of the channel.These elements have been recently captured in a crystal
structure of a near-full-length C-terminus, containing both
the EF-hands and IQ domain of the NaV1.5 isoform
(residues 1776–1928) in complex with apo-CaM and the
fibroblast growth factor homologous factor, FGF13 (43)
(Fig. 3). This structure further confirms the preferred
nature of the apo-C-lobe with the NaV IQ motif and high-
lights the residues that support the interaction. Although
considered an apo-CaM complex, Mg2þ is bound to the
C-lobe. However, the C-lobe interactions with the IQ
domain are very similar to the ones observed in the
apoCaM-IQ domain NMR structures (36,37) In addition,
no direct interaction between the EF-hands and the IQ motif
was observed.COUPLING INACTIVATION TO Ca2D:
INTERACTION BETWEEN CALMODULIN
AND THE DIII-IV LINKER
Several studies have shown that CaM can interact with the
isolated NaV1.5 DIII-IV linker. Using both NMR and ITC,
Potet et al. (11) showed binding of Ca2þ-loaded CaM to
residues 1471–1523 of NaV1.5, with a Kd of 0.6 mM and
a 1:1 stoichiometry. In addition, a peptide corresponding
to NaV 1.5 1510–1530 binds Ca
2þ/CaM with a Kd of
~8 mM and mutation of distal loop residues 1520–1522
FIF to AAA decreases the affinity of the latter peptide for
Ca2þ/CaM.
In contrast, it has also been shown that Ca2þ/CaM can
bind to the N-terminal portion of the DIII-IV linker (8,9).
Here, ITC experiments yield a Kd of ~3 mM, and demon-
strate that the interaction is driven by the Ca2þ/C-lobe,
and importantly, no binding is measured in the absence of
Ca2þ. Alanine scanning of several amino-acid residues
suggests that the Ca2þ/C-lobe forms major contacts with a
double Tyrosine motif (NaV 1.5 residues 1494 and 1495),
an observation that has been confirmed with a crystal struc-
ture that highlights intricate contacts between both tyrosines
and the Ca2þ/C-lobe (8) (Fig. 4). There are additional
energetically important contacts with M1498. Notably, no
portion of the DIII-IV linker was found to interact with
the Ca2þ/N-lobe, and whereas the isolated Ca2þ/N-lobe is
able to interact with the DIII-IV linker in vitro, the affinity
is extremely weak (Kd> 500 mM) and the binding site over-
laps with the Ca2þ/C-lobe site. Thus, in the physiological
setting the N-lobe is more likely to bind to a different site,
such as the C-terminal IQ domain.
The two reports on Ca2þ/CaM binding to the DIII-IV
linker are thus in conflict. However, full-length expressed
NaV1.5 channels containing the FIF/AAA or FIF/AIA
mutations, that have been proposed to eliminate CaM
N-lobe binding, still display a Ca2þ-dependent shift in
steady-state inactivation, minimizing the role, if any, for
the CaM N-lobe binding to the DIII-IV linker in Ca2þ regu-
lation (8,11). This suggests that the 1510–1530 peptideBiophysical Journal 103(11) 2243–2251
FIGURE 4 Structures of the sodium channel DIII-DIV linker alone and
in complex with Ca2þ/CaM. Comparison between a Ca2þ/CaM-bound
human NaV1.5 DIII-DIV linker (PDB:4DJC) with the rat NaV1.2 DIII-
DIV linker (PDB:1BYY). The human NaV1.5 numbering is used. Mutations
that cause LQT3 (black), BrS (red), or both (brown), respectively. (D)
Deletion mutations. (Green) N-lobe of calmodulin, (blue) C-lobe, and
(green spheres) Ca2þ ions.
2248 Van Petegem et al.is not the functional binding site for Ca2þ/CaM within
intact channels. Indeed, as the DIII-IV linker is likely to
end around residue 1522 and become the transmembrane
helix of DIV S1, a substantial portion of this site may not
be available to cytoplasmic binding partners. Moreover,
mutation of M1498 (highlighted in the Ca2þ/C-lobe interac-
tion in the crystal structure) to alanine decreases the affinity
as measured by ITC, and abolishes the Ca2þ-dependent shift
in steady-state inactivation. In addition, introduction of
a mutant that enhances the affinity of the DIII-IV linker
for Ca2þ/CaM (E1489A/E1490A double mutant) also
increases the Ca2þ sensitivity for shifting the steady-state
availability curve. The correlation between loss of binding
with loss of modulation, and gain of binding with gain
of modulation, suggests that the Y1494/Y1495 motif as
observed in the crystal structure is physiologically relevant,
and although the distal DIII-IV linker FIF motif can bind
CaM, these side chains are clearly not necessary for Ca2þ
regulation.A SIMPLIFIED MECHANISM FOR Ca2D
REGULATION OF SODIUM CHANNELS
In total, the in vitro and in vivo data using NMR, ITC, and
crystallographic approaches suggest a simple yet dynamic
lobe-switching mechanism for Ca2þ/CaM binding to intra-
cellular channel domains, and provides a testable model
biasing SSI inactivation in NaVs. In low Ca
2þ levels,
apoCaM is bound to the C-terminal IQ domain via the
apoC-lobe, and as Ca2þ levels rise, Ca2þ/C-lobe gains
affinity for the DIII-IV linker, opening access to the Ca2þ/
N-lobe which now freely binds to the C-terminus IQ motif.Biophysical Journal 103(11) 2243–2251The constrained configuration of the Ca2þ/C-lobe bound to
the DIII-IV linker inherently destabilizes the interactions
between the DIII-IV linker and the inactivation gate
receptor. As the kinetics of inactivation of WT channels
are unaffected by Ca2þ, CaM dissociation from the DIII-
IV linker is not limiting. Indeed, the IFM motif known to
be essential for inactivation lies well outside of the Ca2þ/
C-lobe binding site. However, whether CaM does indeed
bridge the DIII-IV linker and IQ domain within intact
channels to form a tripartite complex remains to be fully
visualized.
Even though the above model may be attractive, several
additional complications remain. For one, mutations in
both the DIII-IV linker and the CTD can affect inactivation
in the absence of coexpressed CaM (44,45) For example,
both the DKPQ in the NaV1.5 DIII-IV linker, and a trunca-
tion of the CTD after the EF-hands (stop codon at aa 1885)
result in an increased sustained current (39) suggesting that
the DIII-IV linker and CTD may form a complex in the
absence of CaM (32,39,46). Indeed, ITC experiments
between isolated CTD and the DIII-IV linkers indicate
a Kd of ~5 mM (46) and the interaction is only visible
with longer CTD constructs containing both the EF-hands
and IQ domain (39) However, other studies have failed to
see a direct interaction between the DIII-IV linker and
the CTD via ITC (8), a discrepancy that may be due to
a different choice of constructs, as the positive ITC experi-
ment made use of a longer CTD (ending at NaV1.5 residue
1937 instead of 1924) and DIII-IV linker (ending at 1523
versus 1522).A PHYSIOLOGICAL ROLE FOR CALCIUM ION
REGULATION OF VOLTAGE-GATED SODIUM
CHANNELS: USE-DEPENDENT FACILITATION
OF CHANNEL AVAILABILITY
While the details of the mechanism of Ca2þ regulation
continue to unfold, it is worth considering the role such
a modulation might play in the physiological context. The
consensus effect on Ca2þ regulation of NaVs is a destabiliza-
tion of inactivation, which is manifest as an ~10-mV depo-
larizing shift in the steady-state availability relationship
(8,10,11,18). Because this relationship is at equilibrium at
physiological resting membrane potentials, roughly half
of the channels are inactivated at resting conditions, and
such a shift would significantly increase the number of
channels that are available to fire for the next action
potential.
How might this mechanism become relevant in an electri-
cally excitable cell such as a cardiac myocyte? One might
simply conclude that it would have little impact because
the upstroke of the cardiac action potential, where NaV
channels are open, precedes the ensuing Ca2þ transient.
However, a comprehensive synthesis of the available data
points toward a different type of regulation that could, in
NaV Domain Coupling by Ca
2þ/CaM 2249theory, take place on a rate-dependent basis to encode for
a type of use-dependent facilitation. At low firing rates,
Naþ channels would sense diastolic, low Ca2þ levels and
the DIII-IV linker would not engage significantly with
the CaM-C-lobe. In addition, during the Ca2þ transient,
interactions between calcium ions and CaM, an effector
of Ca2þ regulation, would be functionally irrelevant as
most channels are inactivated, and Ca2þ would have time
to dissociate from CaM by the next upstroke of the action
potential. However, as the firing rate increases, and in
particular, when the rate of Ca2þ transient impinges upon
the Ca2þ/C-lobe dissociation kinetics, then a type of
Ca2þ memory would take place whereby Ca2þ ions would
still be bound to the CaM C-lobe at the beginning of the
next action potential. This would bias the steady-state
availability relationship to more depolarized potentials
and bring more NaV channels to drive the upstroke of the
action potential. Such a mechanism might not necessarily
destabilize electrical signaling because it would only be
employed transiently when having more channels would
be efficacious. Moreover, the domains and specific residues
that support the interaction between NaVs and Ca
2þ/CaM
are highly conserved among all nine sodium channel iso-
forms, and this mechanism would be expected to be wide-
spread throughout the excitable cells of the cardiovascular
and nervous systems.SIMILARITIES WITH VOLTAGE-GATED CALCIUM
CHANNELS
Voltage-gated calcium channels (CaVs) share a fair amount
of sequence identity with NaVs. Members of the CaV1 and
CaV2 families are also modulated by CaM binding to the
pore-forming a1 subunit. CaM can mediate at least two
Ca2þ-dependent feedback processes: Ca2þ-dependent inac-
tivation and Ca2þ-dependent facilitation (for a limited set of
examples, see Peterson et al. (48), Zu¨lhke et al. (49), and
Lee et al. (50)). Like NaVs, CaV1 and CaV2 family members
encode EF-hands in the CTD, followed by an IQ domain
that is able to bind both Ca2þ/CaM and apoCaM, suggesting
that some of the mechanisms by which CaM alters inactiva-
tion may be conserved. However, there are some intrinsic
differences. The CaV IQ domain favors Ca
2þ/CaM binding,
and both lobes contribute to binding of apoCaM and
Ca2þ/CaM (23,24,26,28). In addition, a second CaM
binding site is present between the EF-hands and the IQ
domain (25,29). Although only a single CaM is required
to mediate Ca2þ-dependent inactivation (51), this raises
the possibility that multiple CaMs can associate with
CaVs. No binding has been detected between CaM and the
CaV DIII-IV linker, although some CaV isoforms encode
a CaM binding site in the N-terminal region (52). Thus,
whereas some of the machinery seems conserved between
NaVs and CaVs, there are substantial discrepancies that
mediate the different functional effects in both channels.DISEASE MUTATIONS IN THE CA2D-SENSING
MACHINERY
Sodium channel mutations have been linked to a wide range
of debilitating diseases, ranging from epilepsy (53) to
myotonia (54), erythermalgia (55), cardiac arrhythmias
(56) and migraine (57). Much attention has been given to
mutations in the NaV1.5 isoform, where gain-of-function
mutations which impair the inactivation process result in
the Long QT syndrome variant 3 (LQT3), a rare inherited
disorder that is associated with an increased propensity to
arrhythmogenic syncope, polymorphous ventricular tachy-
cardia, and sudden cardiac death (58,59). The first reported
LQT3 mutation, a deletion of three amino acids (KPQ) in
the inactivation gate, results in a small, but significant,
sustained sodium current over the duration of the action
potential (60), a phenotype displayed by many LQT3 muta-
tions. An additional seven LQT3 mutations have since been
found in the inactivation gate, with 10 in the EF-hand
region, and two between the EF-hands and the end of the
IQ domain (mutations available on www.fsm.it/cardmoc/).
Thus, the domains known to be essential to the NaV Ca
2þ
regulatory apparatus (DIII-IV linker, EF-hand, and IQ-
motif) form hot-spot regions for LQT3 syndrome (61)
(Figs. 2–4). Thus, it is possible that disruption of Ca2þ
sensing may serve to compound the direct effects of muta-
tions on channel gating.
Loss of function mutations that result in reduced sodium
current of NaV1.5, mostly due to trafficking defects,
underlie Brugada syndrome (BrS) (62). As such, many of
the reported mutations provide truncated proteins that likely
do not fold. However, a number of point mutations not
resulting in truncations are present in the Ca2þ-sensing
machinery: eight within the inactivation gate, five in the
EF-hand region, and three following the EF-hands until
the end of the IQ domain (Figs. 2–4). It is likely that several
of these simply result in decreased folding stability of the
channels, and hence a decreased functional expression.
The NaV1.5 A1924T Brugada syndrome mutation,
located immediately C-terminal to the IQ domain, has
been shown to affect gating and Ca2þ regulation (6,35).
Additionally, the NaV1.5 D1790G LQT3 mutation in the
EF-hands, at the N-terminus of the first helix (Fig. 4)
reduces the Ca2þ-dependent shift in steady-state inactiva-
tion, and Trp fluorescence experiments indicate a ~20-fold
reduction in Ca2þ affinity (10,12). Compared to wild-type
channels, this mutation also significantly speeds up entry
into inactivation in high Ca2þ (12). The LQT3 NaV1.5
S1904L mutation near the IQ motif may affect the interac-
tion between the IQ domain and the EF-hands (42,46) and
reduces the affinity of the CTD for the DIII-IV linker to
a level that can no longer be quantified via ITC.
Inherited mutations in neuronal channels may also
impact Ca2þ sensing. The NaV1.2 R1902C mutation has
been linked to the inherited seizure disorder GeneralizedBiophysical Journal 103(11) 2243–2251
2250 Van Petegem et al.Epilepsy with Febrile Seizures Plus (GEFSþ). Located near
the IQ motif (Fig. 2), this mutation causes a threefold
reduction in the affinity for Ca2þ/CaM (63). In the NMR
structure of the NaV1.2 IQ motif complexed to apoC-lobe,
R1902 was not found to interact with CaM (36) However,
chemical-shift analysis indicates that Ca2þ/CaM binding
differs from apoCaM binding to the IQ domain, and
R1902 may therefore contribute to Ca2þ/CaM interactions.CONCLUDING COMMENTS
The mechanistic basis for Ca2þ/CaM regulation of NaVs
has thus far been a difficult biological problem to solve.
Seemingly contradictory observations may be due to vari-
able experimental conditions and inherent differences
between NaV isoforms, in addition to overlapping, redun-
dant signaling pathways within NaV channels themselves.
In addition, while a growing number of experimental
approaches promise to bring clarity to a historically murky
topic, much mystery remains regarding the molecular
mechanism and physiological role of this potentially im-
portant regulatory process. NaV mutations associated with
inheritable excitability disorders are likely to also disrupt
Ca2þ sensing, and alternatively, given that many patholog-
ical disorders have chronically high Ca2þ levels, such as
in the failing heart or catecholaminergic polymorphic
ventricular tachycardia, it is feasible that targeted modula-
tion Ca2þ/CaM regulation of NaVs could be a novel thera-
peutic strategy for these largely untreatable diseases.
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